Abstract Two novel hierarchical porous IM-5-S and IM-5-M materials were synthesized using mesoporous silica SBA-15 and MCM-48 as the silica sources, and for comparison conventional IM-5-C zeolite was also synthesized with the same synthesis composition. IM-5-S and IM-5-M samples exhibited larger crystal sizes and different textural properties than the conventional IM-5-C zeolite. Moreover, Mo-modified catalysts, Mo-IM-5-S, Mo-IM-5-M, and Mo-IM-5-C, were prepared for the non-oxidative aromatization of methane. The physical properties and acidities of the samples were characterized by XRD, SEM, TEM, BET, and NH 3 -TPD. Compared with Mo-IM-5-C, the Mo-IM-5-S and Mo-IM-5-M catalysts showed higher yields of aromatics and better stabilities. The preferable catalytic behaviors of Momodified mesoporous IM-5 catalysts may be attributed to the generation of secondary mesoporous systems within the zeolite crystals, which may influence the location and state of the active Mo species, simultaneously lead to easier access to the active sites for reactants and be favorable for the diffusion of products formed in the microporous channels during the methane aromatization reaction.
Introduction
With the gradual depletion of world petroleum resources, it is becoming increasingly important for efficient use of natural gas. As the most abundant component in natural gas, methane is currently suggested as an alternative source for producing liquid fuels and valuable chemicals [1] . In 1993, Wang et al. reported a highly active catalyst, Mo/ HZSM-5, for methane dehydroaromatization (MDA) under non-oxidative conditions [2] . Since then, many researchers have worked on this significant catalytic process and made encouraging progress. Different types of molecular sieves have been investigated, and zeolite such as ZSM-5 has been confirmed to be suitable support for methane nonoxidative aromatization [3] [4] [5] [6] . Moreover, different metal species (Mo, Fe, Zn, W, Re, Cu, Mn, Ni, Cr, V, Ga, etc.) have been evaluated as the active sites of the catalysts [7] [8] [9] [10] . Mo-modified catalysts exhibit the highest activity in the conversion of methane to aromatics. Catalysts modified by W, Re, and Co-Ga species also perform well, while other metal species exhibit low activity for methane aromatization. However, catalyst deactivation due to the rapid deposition of polyaromatics and coke is a major obstacle to commercialization for the title reaction [11, 12] . Various strategies, focused on optimization of the zeolite supports and addition of the promoters, have been tested to improve the catalytic activity and stability of the catalysts. It has been found that dealumination, external surface silanation, post-synthesis hydrothermal treatment, addition of second metal component, etc., are effective ways to improve the performance of the catalysts [13] [14] [15] . In recent studies, Zhang investigated the performance of eight kinds of transition metal-modified Mo/HZSM-5 catalysts in MDA with periodic CH 4 -H 2 switching [16] . Bao et al. reported that single iron sites embedded in a silica matrix can catalytically convert methane to ethylene and aromatics under non-oxidative conditions directly, and the latticeconfined single iron sites exhibited high stability during a 60-h test [17] .
Recently, the catalytic behaviors of IM-5 zeolite in shape-selective catalysis, xylene isomerization-disproportionation, hydrocarbon cracking, and selective catalytic reduction of nitric oxides have been investigated [18] [19] [20] [21] . Moreover, the creation of a proper mesoporosity in the zeolite system has been achieved through various ways, such as the post-treatment method and the template method. Extending the application of hierarchical porous materials has been considered significant [22] [23] [24] [25] . According to this direction, in this paper, hierarchical porous IM-5-S and IM-5-M were synthesized using mesoporous materials SBA-15 and MCM-48 as the silica sources. Mo-modified mesoporous Mo-IM-5-S and Mo-IM-5-M catalysts were prepared and tested for MDA reaction. For comparison, the performance of conventional Mo-IM-5-C catalyst was also studied.
Experimental Catalyst preparation
In the synthesis process, ordered mesoporous materials SBA-15 and MCM-48 were synthesized first. For the synthesis of SBA-15, triblock polymer P123 was dissolved in the deionized water and HCl solution with stirring at 313 K. Then, the required amount of TEOS was added to that solution and the mixture was stirred at 313 K for 6 h. The molar composition of the mixture was 0.017 P123:SiO 2 :6 HCl:192 H 2 O. The mixture was heated to 373 K in an oven for 24 h. For the synthesis of MCM-48, cetyltrimethylammonium bromide (CTAB) and NaOH were added to the deionized water solution with stirring for 1 h. Then, the required amount of TEOS was added to that solution and the mixture was stirred for 2 h. The molar composition of the mixture was 0.59 CTAB:TEOS:0.5 NaOH:61 H 2 O. The mixture was transferred to an autoclave and the reaction was carried out at 383 K for 72 h. After crystallization, the solids were filtered, washed with deionized water, and dried in air at room temperature. The samples were calcined in air at 823 K for 6 h and the white powder SBA-15 and MCM-48 were obtained.
For the synthesis of mesoporous IM-5-S and IM-5-M, the calcined SBA-15 and MCM-48 were added into the synthesis system as the silica sources. The procedure is described as follows: the structure-directing agent 1,5-bis(methylpyrrolidinium)pentane (1, To prepare the calcined IM-5-S and IM-5-M, the organic templates were burned away through heating the samples at 823 K for 6 h. After repeating the ion exchange of the calcined IM-5-S and IM-5-M two times with a 1 mol/L solution of ammonium nitrate at 363 K and calcination of the products in air at 773 K for 5 h, H-IM-5-S and H-IM-5-M were obtained. Then, H-IM-5-S and H-IM-5-M were physically mixed with 6 wt% MoO 3 and calcined in air at 773 K for 3 h as described in Ref. [13] . Mo-modified samples are denoted as Mo-IM-5-S and Mo-IM-5-M. The MoO 3 species content in the catalyst was measured by chemical analysis.
Following the same procedure described above, conventional IM-5 zeolite (IM-5-C) was synthesized using fumed silica as the silica source [21] . Conventional Momodified Mo-IM-5-C catalyst was also prepared for the MDA reaction.
Characterization
The samples were characterized by X-ray diffraction (XRD) on the SHIMADZU XRD-6000 diffractometer with CuKa radiation in the 2h angle ranging from 5°to 40°. The field emission scanning electron microscope (FESEM) XL-30 was carried out to observe the morphology of the products. The transmission electron microscope (TEM) images were obtained using JEOL JEM-1200EX electron microscope with an accelerating voltage of 100 kV. The element contents were analyzed by a Perkin-Elmer inductively coupled plasma atomic emission spectroscopy (ICP-AES). Nitrogen adsorption analyses were tested with a Micromeritics ASAP 2020 system at 77 K. The product was degased at 523 K for 3 h prior to the measurements. The Brunauer-Emmett-Teller (BET) method and t plot analysis were used to obtain the BET surface area and the average pore volume of the sample. Temperature-programmed desorption of NH 3 (NH 3 -TPD) was carried out on a conventional system rigged with a thermal conductivity detector. Thermogravimetric analysis (TGA) was performed using a Shimadzu DTG-60.
Catalytic evaluation
The reaction of methane aromatization was tested under atmospheric pressure in a fixed-bed quartz reactor (10 mm i.d.) at 973 K, and 0.5 g of the sample pelleted at 40-60 mesh size was charged into the reactor. The feed gas (92.5% CH 4 and 7.5% N 2 ) was added into the reactor through a mass flow controller at 1500 mL/g h. An online gas chromatograph (Shimadzu GC-17A) rigged with a 6 m 9 3 mm HayeSep D 80/100 column and an online TCD detector were used to measure N 2 , H 2 , CO, CH 4 , C 2 H 4 , and C 2 H 6 . A CBP1-M50-025 (Shimadzu) quartz capillary column and an online FID detector were used to measure the aromatic products of benzene, toluene, and naphthalene. The conversion of methane and the selectivity of aromatic and hydrocarbon products were calculated according to the carbon mass balance using an N 2 internal standard method [14] .
Results and discussion XRD studies Figure 1 exhibits the small angle XRD patterns of SBA-15 and MCM-48. The XRD patterns showed the characteristic diffraction peaks as described in the literature [26, 27] , indicating that the well-ordered mesoporous SBA-15 and MCM-48 materials were successfully synthesized. The high angle XRD patterns of IM-5-S, IM-5-M, and IM-5-C are also shown in Fig. 1 . The patterns exhibited the same characteristics as described in Ref. [18] , which indicated that using mesoporous silica SBA-15 and MCM-48 as the silica sources in the synthesis gels did not affect the formation of well-ordered IM-5 zeolites. Although the crystallinity of the IM-5 samples reduced after the physical mixing process, the framework of zeolites was retained. The Mo-modified zeolites showed similar XRD patterns to the parent IM-5. Figure 2 exhibits the SEM and TEM images of the samples. The SEM micrograph clearly indicates that the IM-5-C zeolite was synthesized as cubical shape crystals, which is in accordance with Ref. [21] . The IM-5-S and IM-5-M zeolites were in the form of larger cubical shape crystals than the IM-5-C zeolite. Moreover, no amorphous material was found in the three samples, proving that the IM-5-C, IM-5-S, and IM-5-M zeolites had a high crystallinity. The crystal morphologies of the three samples were almost retained after modification of the MoO 3 species. The TEM images showed that the crystal size of conventional IM-5-C was around 500 nm, and the crystal size of mesoporous IM-5-S and IM-5-M was in the range of 500-1000 and 1000-2000 nm, respectively. Furthermore, the crystals of IM-5-S and IM-5-M displayed some bright lines and bright spots in the white circles of the TEM images, which were not observed in the image of conventional IM-5-C. These bright fields may be relative to the formation of intracrystal mesopores. It is supposed that mesopores were formed following a series of dissolution, self-assembly, nucleation, and crystallization processes. The intracrystal pores were different from the regular mesopore structures of SBA-15 and MCM-48 materials and were randomly distributed in the whole crystals. The SEM and TEM images proved that using mesoporous silica SBA-15 and MCM-48 as the silica sources could generate IM-5 zeolites with larger crystal sizes and a certain amount of mesopores.
SEM and TEM characterization
N 2 adsorption-desorption study areas and microporous volumes than IM-5-C. The mesoporous IM-5 and conventional IM-5 exhibited different pore properties, which may be due to using different silica materials as the silica sources, thus influencing the formation of crystals. Moreover, the numerical results of the structural property decreased after the physical mixing process, indicating that MoO 3 were diffused in/on the zeolites.
Acidity test
The results of NH 3 -TPD for H-IM-5-S, 6Mo-IM-5-S, H-IM-5-M, 6Mo-IM-5-M, H-IM-5-C, and 6Mo-IM-5-C are shown in Fig. 4 . Two peaks, denoted as peak L and peak H, were observed in the NH 3 -TPD graphs for H-IM-5-S, H-IM-5-M, and H-IM-5-C samples at around 480 and 680 K, which was similar to the ZSM-5 zeolite [28] . The peak at 480 K was assigned to desorption of the adsorbed NH 3 on weak acid sites, whereas the peak at 680 K was assigned to desorption of the adsorbed NH 3 to strong Brønsted acid sites. For mesoporous H-IM-5-S and H-IM-5-M, the intensities of low-temperature desorption peak were similar to that of conventional H-IM-5-C. However, the intensities of high-temperature desorption peak for H-IM-5-S and H-IM-5-M were weaker than that for conventional H-IM-5-C, which suggested that the strong acid capacities of the mesoporous H-IM-5-S and H-IM-5-M samples were lower than that of conventional H-IM-5-C. The peak areas at low temperature (about 486 K) and high temperature (about 683 K) for the three samples decreased with the addition of MoO 3 species, and the peak areas at high temperature decreased more sharply. Moreover, a new peak (denoted as peak M) appeared at around 580 K after loading of 6% MoO 3 . The Gauss curve fitting method was used to analyze the NH 3 -TPD profiles as described in Ref. [13] . Table 2 . The areas of peak H for H-IM-5-S and H-IM-5-M decreased from 365 to 161 (55.9%) and from 393 to 179 (54.5%) after modification of MoO 3 , respectively. At the same time, the area of peak H for H-IM-5-C decreased from 534 to 281 (47.4%) after modification of MoO 3 . Mo oxide species that interacted with the internal Brønsted acid sites play an important role in methane aromatization and are accompanied by the reduction of Brønsted acid sites [21, 28] . It can be summarized from the acidity test that a majority of MoO 3 migrated into the channels of zeolites and related to the strong Brønsted acid during the physical mixing process of MoO 3 . In addition, a new peak M emerged at ca. 580 K after modification of MoO 3 , and this indicated that the medium-strength acid sites were generated when the Mo species interacted with the Brønsted acid sites.
Catalytic test
The catalytic behavior of Mo-IM-5-S, Mo-IM-5-M, and Mo-IM-5-C catalysts in methane aromatization is shown in Fig. 5 . The numerical results are listed in Table 3 . In the initial period of the reaction, the methane conversions and aromatic yields of the three catalysts increased rapidly and achieved a maximum in 60 min. The highest conversions of methane and yields of aromatics over Mo-IM-5-S, Mo-IM-5-M, and Mo-IM-5-C were 11.8, 11.5, 11.6 and 6.3, 6.3, 6.2%, respectively (see Table 3 ). The three samples had similar initial conversions of methane. Afterward, the values reduced with time on stream and remained relatively stable at the later stage. As shown in [4] . Figure 5 also exhibits the benzene and naphthalene yields over the three catalysts. The selectivities of benzene, toluene, naphthalene, and coke are summarized in Table 3 . The Mo-IM-5-M and Mo-IM-5-S catalysts displayed higher yields of benzene and naphthalene than Mo-IM-5-C. At the same time, the aromatic selectivities of Mo-IM-5-M and Mo-IM-5-S catalysts were also higher than those of Mo-IM-5-C. Moreover, the Mo-IM-5-M and Mo-IM-5-S catalysts performed lower coke selectivities than the conventional Mo-IM-5-C catalyst. The better catalytic behavior of mesoporous Mo-IM-5-S and Mo-IM-5-M can be attributed to the preferable channel structures. In this paper, two novel hierarchical IM-5-S and IM-5-M materials were synthesized using mesoporous silica SBA-15 and MCM-48 as the silica sources. After calcination of the samples, a few secondary mesopores were generated in IM-5-M and IM-5-S. The microporous structures, the shape selectivity, and long-range diffusion characteristics of zeolite were still retained in the mesoporous IM-5-M and IM-5-S samples. The existence of secondary mesoporous structures may lead to preferable access to the active sites for reactants and better diffusion of aromatic products, thus enhancing the behavior of the catalysts in the MDA reaction. Moreover, the distribution of acid sites in IM-5 zeolites can be influenced by the appearance of secondary mesoporous structures; as shown in the acidity test ( Fig. 4; Table 2 ), the acidic strength and density then change along with it. These changes can also impact the state and location of the active Mo species. It is indicated that Mo species of the mesoporous IM-5 samples prefer to migrate into the channels associated with the internal Brønsted acid sites. In addition, Mo oxide species related to the internal Brønsted acid sites play significant roles in MDA reaction, and increasing the Mo species amount inside the channels of the support with equal Mo loading is beneficial for the generation of benzene [28] . The appropriate distribution of The TG analysis is carried out to determine the amount of coke after reaction for 500 min. As shown in Fig. 6 , the evaporation of chemisorbed and physisorbed water led to weight loss from 300 to 500 K. Weight loss at 700-1000 K was related to the decomposition of coke. The percent of coke on the conventional Mo-IM-5-C catalyst was 8.4%, which was higher than that on mesoporous Mo-IM-5-S (7.3%) and Mo-IM-5-M (7.1%) catalysts. The selectivity of coke for Mo-IM-5-C was also higher than that for Mo-IM-5-M and Mo-IM-5-S (see Table 3 ). As reported in the references, deactivation of the catalyst during the MDA reaction may be due to the rapid deposition of polyaromatics and coke in/on the zeolite. The Brønsted acid sites and zeolite channels could be covered and blocked by coke step by step, thus leading to the separation of active sites and reactants [11, 12] . Therefore, different amounts of coke generated in/on the samples during the MDA reaction may result in different stabilities of the catalysts. For Mo-IM-5-M and Mo-IM-5-S, it can be considered that the aromatic products, which were generated during the course of reaction, could move out of the channels timely and effectively owing to the appearance of mesopores in the zeolite. In this case, the opportunity for the generation of coke could be reduced, thus leading to the enhancement of catalyst stabilities and aromatic selectivities.
As shown in Fig. 7 , the recycling experiments were carried out to investigate the long-term stabilities of the Mo-IM-5-S and Mo-IM-5-M samples. The catalysts were regenerated by calcination under air at 773 K for 3 h. It is shown that the methane conversion of Mo-IM-5-S sample for four successive runs was 11.8, 11.3, 11.5, and 11.1% after reaction for 60 min, respectively. The corresponding yield of aromatics was 6.3, 5.9, 6.2, and 5.8%. The methane conversion of Mo-IM-5-M sample for four successive runs was 11.5, 11.9, 11.2, and 10.8% after reaction for 60 min, respectively. The corresponding yield of aromatics was 6.3, 6.5, 6.2, and 5.8%. It is evident that the catalysts can be reused after being calcined to remove coke, and the mesoporous Mo-IM-5-S and Mo-IM-5-M samples show excellent stabilities.
Conclusions
Two novel hierarchical porous IM-5-S and IM-5-M zeolites have been synthesized using mesoporous silica SBA-15 and MCM-48 as the silica sources, Mo-modified catalysts of Mo-IM-5-S, Mo-IM-5-M, and conventional Mo-IM-5-C were prepared and tested for the methane dehydroaromatization reaction under non-oxidative condition at 973 K. It appears that hierarchical porous Mo-IM-5-S and Mo-IM-5-M catalysts showed higher aromatic yields and better stabilities than the Mo-IM-5-C catalyst. The existence of secondary mesoporous systems may influence the location and state of the active Mo species, simultaneously lead to easier access to the active sites for reactants, and better diffusion of aromatics products, thus improving the activities of the catalysts. It can be concluded that Fig. 6 The TG profiles of Mo-IM-5-C, Mo-IM-5-S, and Mo-IM-5-M samples after reaction for 500 min Fig. 7 The comparison of the catalytic performances over Mo-IM-5-S and Mo-IM-5-M catalysts for four successive runs. Reaction condition: T = 973 K, 1 atm, GHSV = 1500/h; reaction time: 60 min appropriate secondary mesoporous system in IM-5 zeolite is favorable for enhancing catalytic behavior of the catalyst in the non-oxidative aromatization of methane.
